Greaney JL, Stanhewicz AE, Proctor DN, Alexander LM, Kenney WL. Impairments in central cardiovascular function contribute to attenuated reflex vasodilation in aged skin.
heat stress; tilt; age; cutaneous vasodilation; central venous pressure; exercise ELDERLY ADULTS, EVEN IN THE absence of overt cardiovascular pathology, contribute disproportionately to heat-induced cardiac morbidity and mortality during environmental heat waves (9, 41, 48) . Physiological responses to whole body heat exposure include precise adjustments in both peripheral cutaneous and central mechanisms designed to subserve both thermoregulation and the maintenance of blood pressure (BP). Agerelated impairments in the integrated responses to increases in core temperature may directly contribute to the clinical relation between heat exposure and increased cardiovascular-related mortality with primary aging (25) .
The integrated cardiovascular responses of young healthy adults to supine passive whole body heat stress involve increases in skin blood flow (SkBF) as high as 7-8 l/min (31, 38) . To support this pronounced increase in cutaneous vascular conductance, cardiac output (Q c ) and heart rate (HR) increases, stroke volume stays the same or increases modestly, and vascular conductance of non-cutaneous circulatory beds decreases (31, (37) (38) (39) . Healthy human aging is associated with significant alterations in both the peripheral and central responses to increasing core and skin temperatures. Increases in SkBF during passive heating are substantially blunted in aged adults (16, 31, 32) . Furthermore, the increase in Q c during whole body heat stress is likewise reduced in aged adults, due in part to a relative inability to maintain stroke volume (31, 32) . Although the absolute chronotropic response may (13, 31, 32) or may not (31) differ with advanced age, older adults rely on a greater percentage of their heart rate reserve during whole body heat stress (31) . Older adults also redistribute less blood from the renal and splanchnic vascular beds when passively heated to their thermal tolerance (31, 32) .
Despite the clear attenuations in both the peripheral vascular and central hemodynamic responses to passive heating in healthy older adults, an unresolved debate centers on whether cardiac limitations (i.e., blunted increases in Q c ) or peripheral vascular limitations (i.e., age-related cutaneous vascular dysfunction), or both, contribute to the relative inability of older adults to increase SkBF during heat stress. Posed another way, does the attenuated increase in Q c reflect an effect of primary aging on cardiac function when central venous pressure (CVP) falls during heat stress or is the smaller increase in Q c in accord with the smaller increase in blood flow to aged skin?
Whether or not impairments in cardiac responses contribute to the attenuated increase in SkBF during heat stress in healthy aging (31) , peripheral microvascular dysfunction clearly limits cutaneous vasodilation during passive heating in older adults (16, 27, 44) . The mechanisms mediating the age-related impairments in reflex cutaneous vasodilation during hyperthermia are due, in large part, to reductions in nitric oxide (NO) bioavailability (16, 18, 19, 43, 44) . In the aged vasculature, reduced bioavailability of tetrahydrobiopterin (BH 4 ), a critical enzymatic cofactor for the production of NO (33, 49) , contributes to attenuated reflex cutaneous vasodilation during passive heating (44, 46) . Oral administration of sapropterin (pharmaceutical grade BH 4 ) acutely improves reflex cutaneous vasodilation during supine passive heating in older adults (44) .
The influence that this restoration of peripheral cutaneous vascular function may have on cardiac hemodynamics during supine heating remains unclear but presents a unique experimental paradigm. The present study aimed to determine the effect of correcting the peripheral vascular limitation to reflex cutaneous vasodilation on the integrated cardiovascular response to passive heating in older adults. We hypothesized that normalized cutaneous vascular function (acute oral sapropterin) and subsequently greater increases in SkBF during supine passive heat stress would be accompanied by greater increases in Q c in older adults, an outcome that would be interpreted as a lack of a direct cardiac limitation to peripheral cutaneous vasodilation with aging. Furthermore, since this sapropterin-induced acute improvement of the SkBF response to passive heat stress has only been documented in the absence of a challenge to central hemodynamics (i.e., supine posture) (44), a secondary goal of this study was to determine the effect of normalized reflex cutaneous vasodilation on the integrated cardiovascular responses to heat stress in the presence (upright posture) and absence (engaging the muscle pump during dynamic exercise) of further challenges to CVP in healthy older adults.
METHODS

Subjects.
All experimental procedures and protocols were approved by The Pennsylvania State University Institutional Review Board, and verbal and written consent were obtained from all subjects prior to participation. The study conformed to the standards outlined in the Declaration of Helsinki. Twelve young (24 Ϯ 1 yr) and 11 older (69 Ϯ 3 yr) apparently healthy adults participated in the study. Subjects were screened for neurological, cardiovascular, and dermatological diseases and underwent a complete medical screening including a resting 12-lead electrocardiogram, physical examination, and 12-h fasting blood chemistry (Quest Diagnostics, Pittsburgh, PA). All subjects were normotensive (resting systolic BP: Ͻ140 mmHg and diastolic BP: Ͻ90 mmHg), nondiabetic, normally active, and not taking over-the-counter or prescription medications or supplements with primary or secondary cardiovascular effects (e.g., statins, anticoagulants, antidepressants, etc.). Subjects were nonobese (body mass index: Ͻ30 kg/m Ϫ2 ) and did not use tobacco products. Subject groups were matched for body size and resting BP. Older women taking hormone replacement therapy or who had recently taken hormone replacement therapy were excluded and young women were tested during the early follicular phase of their menstrual cycle or during the placebo phase if using oral contraceptives. All subjects were familiarized with the equipment and experimental protocol before the testing visits.
Before the experimental session, subjects abstained from caffeinated and alcoholic beverages for 12 h and strenuous physical activity for 24 h. All protocols were performed in a thermoneutral climatecontrolled chamber (22°C), and all testing occurred in the morning to reduce diurnal variation in blood flow responses (2) . Studies were conducted between the months of November and April to limit any potential effects of heat acclimation. All subjects were provided a standardized breakfast meal on the morning of the experiment. For the older adults, study days were separated by at least 48 h to ensure adequate washout of the experimental drug (11) . Older subjects ingested either 10 mg/kg body wt sapropterin (Kuvan; BioMarin Pharmaceutical, Novato, CA) or placebo (encapsulated ascorbate and cellulose) ϳ2 h before the experiment in a double-blind, randomized crossover design. Kuvan tablets are formulated with 100 mg sapropterin and 5 mg ascorbate; therefore, the placebo treatment consisted of an equivalent dosage of ascorbate (0.5 mg ascorbate/kg Ϫ1 ). We have previously shown that this dosage of sapropterin is efficacious at improving reflex cutaneous vasodilation in a similar subject population (44) . Young subjects completed one experimental visit (placebo treatment) and did not ingest sapropterin.
Experimental measurements. Mean skin temperature (T sk) was controlled using a water-perfused suit that covered the entire body except for the head, hands, feet, and left forearm. Copper-constantan thermocouples were affixed to the surface of the skin at six sites (calf, thigh, abdomen, chest, shoulder, and back) for the continuous measurement of T sk. Esophageal temperature (Tes) was measured at the level of the left atrium from a copper-constantan thermocouple in the lumen of a sealed pediatric feeding tube. HR was monitored throughout the protocol (Polar Electro, Lake Success, NY), and arterial BP was measured by brachial auscultation every 5 min.
To obtain an index of SkBF, red blood cell flux was continuously measured on the left forearm with a laser-Doppler flowmetry probe placed in a local heating unit (Moor-Lab, Temperature Monitor, SHO2; Moor Instruments, Devon, UK); this arm was supported at heart level throughout the protocol. To ensure that changes in cutaneous blood flow were reflex in origin, the local heater was clamped at 33°C throughout the protocol. Thus this research strategy specifically isolated reflex mechanisms of cutaneous vasodilation by eliminating the influence of changes in local T sk.
Q c was determined using the open-circuit acetylene uptake method (20, 36) , which has been validated against the direct Fick technique (20) . This technique provides reproducible measures of Q c during exercise in both young and older adults (3) . During all experimental conditions, Q c measurements were obtained in triplicate. Paced breathing (20 breaths/min) was used during the measurement of Q c at rest in both postures, as described below. Pulmonary oxygen uptake (V O2) was measured using analysis of expired gases. Subjects were encouraged to breathe in a regular rhythm, avoiding coughs, swallows, and partial breaths. In a subset of older subjects (n ϭ 2), there was acceptable test-retest reliability in Q c measured repeatedly during supine passive heating during placebo treatment (r 2 ϭ 0.82, P Ͻ 0.05).
Experimental protocol. After instrumentation, subjects were seated in an upright posture on a customized adjustable cycle ergometer that allowed for passive, automated movement between supine rest or cycle exercise with the lower legs parallel to the floor at extension and upright rest or cycle exercise with the lower legs perpendicular to the floor at flexion. Throughout baseline, thermoneutrality was maintained by circulating ϳ30°C water through the suit. After 10 min of quiet rest, baseline measurements of SkBF and Qc were obtained while subjects were in the seated upright posture. Thereafter, subjects were reclined and baseline measures of all variables were repeated in the supine posture.
Following 10 min of thermoneutral baseline, warm water (52°C) was perfused through the suit to clamp Tsk at ϳ39°C and to cause a gradual rise in Tes. Whole body heating began exactly 3 h after pill ingestion, a time chosen to ensure peak plasma concentrations of sapropterin during heating and for consistency with previous studies (11, 44, 45) . Qc was measured when Tes increased by 0.4 and 0.8°C. At a 0.8°C increase in Tes, mean body temperature was adjusted such that Tes plateaued at ⌬Tes ϭ 0.8°C; Tes was clamped at this increase during upright posture and dynamic exercise. Thereafter, subjects were passively moved to the upright seated posture and the leg support was removed; after HR stabilized, measurements in the upright seated posture were performed.
Subjects then began cycling at a fixed power output based on body mass and body surface area (AD), as previously described in detail (5), to ensure that metabolic heat production and further changes in Tes were not different between subject groups and for a duration short enough to limit further increases in Tes. Pedaling rate was maintained by the subjects using a visual-feedback display. Subjects exercised for at least 5 min until a steady-state HR and V O2 were achieved, at which time Qc was again measured. After upright cycling, subjects were returned to the supine posture, cycle exercise was performed as described above, and all measurements were again obtained. During both upright and supine cycling, Qc measurements were obtained at the natural respiratory rate of the subject. Throughout all phases of the experimental protocol, red cell flux was continuously measured.
At the completion of the protocol, whole body heating was terminated, ϳ30°C water was circulated through the water-perfused suit, and subjects were returned to thermoneutrality. Maximal SkBF was then obtained by increasing the local Tsk (43°C) over the site of measurement (21) .
Data analysis. SkBF, Tsk, and Tes data were recorded at 40 Hz (WinDaq; Dataq Instruments, Akron, OH). Cutaneous vascular con-ductance (CVC) was calculated as red blood cell flux divided by mean arterial pressure (MAP; calculated as diastolic pressure plus one-third pulse pressure) and expressed as both an absolute CVC and as a percentage of maximal CVC (%CVC max). CVC was calculated during stable periods of laser-Doppler flux during upright and supine thermoneutral baseline, at each 0.1°C increase in Tes during passive heating, during upright heat stress, and during upright and supine cycle exercise in the heat. Maximal CVC was calculated from a stable plateau in laser-Doppler flux when local T sk was increased to 43°C at the end of the experiment. Qc and V O2 were analyzed immediately after each maneuver using customized and validated software (20, 36) . Stroke volume was calculated as Qc·HR Ϫ1 . Total peripheral resistance (TPR) was calculated as Qc·MAP Ϫ1 , and systemic vascular conductance was calculated as the reciprocal of TPR. Heart rate reserve was determined as the difference between age-predicted maximal HR [208 Ϫ (0.7·age)] (47) and resting HR.
Statistical analysis. Based on our previous data (44), 10 subjects per group would provide sufficient power (␣ ϭ 0.05, P ϭ 0.80) to detect a meaningful physiological effect of both age and sapropterin treatment. Student's t-tests were used to detect age differences in subject characteristics. Three separate two-way repeatedmeasures mixed-model ANOVAs were used to detect age and treatment differences in all variables at each phase of the experiment (SAS version 9.3; Cary, NC). Post hoc comparisons with Bonferroni corrections were performed for planned comparisons. The level of significance was set at ␣ ϭ 0.05 for main effects. Values are presented as means Ϯ SE.
RESULTS
Subject characteristics are presented in Table 1 . The age groups were well matched for anthropometric characteristics, resting BP, and blood biochemistry. Although HbA1c was significantly higher in older adults, these values were within the normal recommended age-specific range. Absolute exercise intensity was not different between groups (young: 59 Ϯ 1 W vs. older: 60 Ϯ 1 W; P ϭ 0.27). Absolute T es and mean T sk for each experimental phase are presented in Table 2 . By study design, T es increased 0.8°C during supine passive heating and remained elevated during upright posture and dynamic exercise ( Table 2 ). There were no age-or treatment-related differences in either T es or mean T sk (Table 2) .
Sapropterin restored cutaneous vasodilatory capacity. At a thermoneutral baseline, there were no age-or treatment-related differences in CVC in either the upright or supine posture (Figs. 1 and 2A) . Compared with young adults, reflex cutaneous vasodilation was significantly blunted throughout supine passive heating in older adults during placebo treatment, illustrated in Fig. 1 for each 0.1°C increase in T es . By design, acute oral sapropterin fully restored the CVC response to supine passive heat stress in the older adults such that the magnitude of the response was not different from that of young adults ( Figs. 1 and 2A) . A sapropterin-mediated increase in the SkBF response to whole body heating was observed in all 11 older adults. Furthermore, the augmentation in SkBF with sapropterin was sustained when subjects subsequently sat upright as well as during upright dynamic exercise while hyperthermic ( Fig. 2A ). There were no age-or treatment-related differences in maximal CVC in response to local heating (young: 2.34 Ϯ 0.28 flux/mmHg, older placebo: 2.68 Ϯ 0.56 flux/mmHg, and older sapropterin: 2.01 Ϯ 0.26 flux/mmHg; P ϭ 0.49). Absolute CVC and flux (data not shown) yielded similar results as when representing the data as %CVC max .
Cardiovascular responses to supine passive heating. Absolute Q c (Fig. 2B ) and the increase in Q c from baseline (young: ⌬2.6 Ϯ 0.3 l/min vs. older: ⌬1.4 Ϯ 0.2 l/min; P Ͻ 0.01) were both significantly lower in the older adults during placebo treatment compared with young adults throughout supine passive heating. Cardiac index (CI ϭ Q c /A D ), calculated to examine potential differences in skin-specific Q c , was likewise significantly lower in older adults during placebo treatment throughout supine heating (Table 3) . Sapropterin had no effect on Q c or CI ( Fig. 2B ; Table 3 ).
To further examine the impact of age (both with and without restoration of peripheral cutaneous vascular function) on the relation between SkBF and Q c , simultaneous changes in these variables are illustrated in Fig. 3A . Young adults exhibited robust increases in both SkBF and Q c during supine heating, but the response range of each of these variables was significantly attenuated in older adults taking placebo (Fig. 3A) . Sapropterin restored the SkBF-Q c relation during heating such that it was not different from young adults without changing the age-specific response range for Q c (Fig. 3A) . HR was significantly lower in older adults during placebo treatment compared with young adults throughout all phases of the experiment (Fig. 4A) . The heart rate response to supine passive heating was attenuated in older compared with young adults (young: ⌬22 Ϯ 2 beats/min vs. older: ⌬15 Ϯ 1 beats/ min; P Ͻ 0.05); however, there were no age-or treatmentrelated differences in percent heart rate reserve (Table 3) .
Stroke volume was lower in older adults during placebo treatment compared with young adults during upright and supine thermoneutrality and throughout supine passive heating (Fig. 4B) . Compared with young adults, MAP and systolic BP were greater in older adults during placebo treatment during supine passive heating ( Fig. 4C; Table 3 ). Sapropterin had no effect on HR, stroke volume, or BP during supine passive heating. Systemic vascular conductance was significantly lower in older adults during placebo treatment compared with young adults throughout all phases of the experiment, but there were no age-related differences in TPR (Table 2) ; sapropterin had no effect on either systemic vascular conductance or TPR (Table 3) .
Cardiovascular responses to upright posture during hyperthermia. During upright heating at a sustained ⌬T es of 0.8°C, Q c remained lower in the older adults (Fig. 2B ). There was a modest, but significant, fall in Q c upon assuming the upright posture in both the young and the older adults (placebo treatment; P Ͻ 0.05 for both), but the reduction tended to be smaller in the older adults (P ϭ 0.08; Fig. 2B ). Sapropterin had no effect on Q c during upright posture in the heat (Fig. 2B) . The relation between SkBF and Q c during the transition from the supine to the upright posture (at a sustained ⌬T es of 0.8°C) is illustrated in Fig. 3B . Young adults exhibited decreases in both SkBF and Q c upon assuming an upright posture as did the sapropterin-treated older group (Fig. 3B) . However, in the older placebo trial, SkBF modestly increased as Q c fell, and two older subjects experienced presyncope during this transition.
The tachycardic response to assuming the upright posture while heated was significantly blunted in older adults, and the HR response was not affected by sapropterin (Fig. 4A ). There were no age-or treatment-related differences in stroke volume or BP during this posture change (Fig. 4 , B and C; Table 3 ) and sapropterin had no effect on any other cardiovascular variables (Table 3) . Cardiovascular responses to dynamic exercise during hyperthermia. There were no age-or treatment-related differences in Q c during upright dynamic exercise in the heat (Fig. 2B) . The relation between changes in SkBF and Q c in the transition from upright rest to upright exercise is illustrated in Fig. 3C . Young and older adults exhibited increases in both variables from rest to exercise while hyperthermic (Fig. 3C) . HR increased during exercise in all subject groups; however, absolute HR was lower in the older compared with young adults, and sapropterin had no effect (Fig. 4A ). There were no age-or treatment-related differences in stroke volume during this phase of the protocol (Fig. 4B) . The pressor response to exercise was greater in the older adults regardless of treatment ( Fig. 4C; Table 3 ), and sapropterin had no effect on any measured variable during dynamic exercise at an elevated core temperature (Table 3) .
DISCUSSION
Aging, even in the absence of overt cardiovascular disease, is characterized by impairments in the integrated thermoregu- Values are means Ϯ SE. PP, pulse pressure; HRR, heart rate reserve; CI, cardiac index; TPR, total peripheral resistance; SVC, systemic vascular conductance. *P Ͻ 0.05, older: placebo vs. young. latory-cardiovascular response to passive heat stress (17) . Minson et. al. (31) , building on the seminal work of Rowell (38) , showed discernable impairments in the extent to which older adults increase both SkBF (16, 27, 31, 32, 44) and Q c (31, 32) during supine passive heating. Peripheral limitations to cutaneous vasodilation (i.e., alterations in cutaneous vascular function) contribute at least in part to the attenuated increase in SkBF during supine passive heating in older adults because localized and systemic interventions can acutely restore the vasodilatory capacity of aged skin to that of young skin (18, 19, 43, 44, 46) .
Those studies have raised the question of whether cardiac limitations (i.e., an attenuated ability to increase Q c ) contribute to the relative inability of older adults to increase SkBF during heat stress or whether the smaller increase in Q c appropriately reflects the blunted increase in blood flow to aged skin. Thus, the primary aim of the present study was to examine the effect of acutely abolishing the peripheral vascular limitation to cutaneous vasodilation in healthy older adults on the central hemodynamic responses to supine passive heating. Once heated, a secondary experimental aim was to determine the SkBF and Q c responses of young and older adults to 1) passively assuming an upright posture and 2) dynamic leg exercise. Our reasoning was that the former would further decrease CVP, presenting an additional challenge to the left ventricle, while the latter would increase CVP via engagement of the muscle pump.
The primary finding of this study was that correcting the peripheral vascular limitation to reflex cutaneous vasodilation in healthy older adults had no effect on Q c during supine passive whole body heat stress. Furthermore, the sapropterininduced increase in cutaneous vasodilation during heating did not affect Q c when central hemodynamics were further altered by superimposing upright posture and/or dynamic exercise upon the heat stress. Thus, in older adults, there was no matching of Q c to the restored SkBF response during heat stress. The inability of older adults to further increase Q c during heating when the cutaneous vasodilator response is fully restored instead suggests that their relative inability to increase Q c during passive heat stress is a consequence of primary aging.
Age group comparisons. The aim of this study was not to reexamine age-related differences in responses to heat stress. Multiple studies have documented age-related decrements in the cardiovascular responses to supine passive heat stress, as well as during orthostatic challenges and dynamic exercise in the heat (15-17, 24, 26, 27, 30 -32, 43, 44) . However, a group of healthy young adults was incorporated in the present study to provide comparative values for all variables and to validate the efficacy of acute oral sapropterin in fully restoring reflex cutaneous vasodilation in apparently healthy older adults. The peripheral and central cardiovascular responses of the young adults in this study are in good agreement with those reported in multiple investigations using varied methodology (14, 31, 32, 42, 50) .
As expected, profound age-related impairments in the SkBF and Q c responses to supine passive heating were evident in the current study (16, 24, 27, 31, 32, 43, 44 ). An inability to maintain stroke volume despite similar decreases in CVP, coupled with a reduced chronotropic response (13, 31, 32) , have been suggested as primary contributing mechanisms to the attenuated increase in Q c when older adults are passively heated to the limit of their thermal tolerance (31) . Although stroke volume in older adults did not fall during supine heating in the present study, our thermal stress was less severe.
When an upright posture was superimposed during heating, older adults exhibited a blunted reflex increase in HR and attenuated reductions in stroke volume such that Q c was maintained relative to supine heating but remained blunted compared with young adults, findings consistent with those reported by Minson et. al. (32) . That study additionally demonstrated that older men increased vasoconstriction of the splanchnic vascular bed to a greater extent than young men during upright tilt in the heat as a means to maintain MAP. During upright dynamic exercise in the heat in the current study, HR was attenuated in older compared with young adults, yet stroke volume and Q c were relatively well maintained. Although these findings are generally in agreement with those previously reported (30), small differences likely reflect the fact that only a short bout of exercise was employed here as a means to augment CVP during hyperthermia.
Efficacy of sapropterin in restoring cutaneous vasodilation in older adults. The significantly impaired increase in SkBF during supine passive heat stress in older adults in the present study is consistent with a wide body of literature examining this response (16, 24, 27, 43, 44) . The blunted SkBF response to increasing core temperature has largely been attributed to reductions in NO-mediated cutaneous vasodilation (16) . In the peripheral vasculature, the enzymatic cofactor BH 4 is required for NO production; in its absence, NO synthase uncouples, decreasing functional NO synthesis and increasing superoxide production (1). BH 4 bioavailability is reduced in the aged microvasculature (8, 10) , likely contributing to the impaired vasodilatory response to whole body heating (44, 46) . Oral administration of sapropterin (pharmaceutical grade BH 4 ) increases plasma BH 4 concentration and improves reflex cutaneous vasodilation assessed by both laser-Doppler flowmetry and venous occlusion plethysmography (44) . Consistent with these previous findings, we demonstrated here that acute oral sapropterin fully restored the SkBF response to supine whole body heating in older adults to a magnitude similar to that in young adults. Thus this acute oral intervention was sufficient to temporarily eliminate the peripheral limitation to adequate cutaneous vasodilation.
The effect of normalizing SkBF on Q c during supine passive heating in older adults. Coincident with the well-established reduction in the SkBF response to heat stress (16, 24, 27, 43, 44) , older adults exhibit a substantially blunted increase in Q c during passive heating (31, 32) . It has been postulated that the relative inability of older adults to increase Q c may not allow for an appropriate increase in SkBF, a scenario indicative of a cardiac limitation (in addition to the well-documented peripheral vascular limitations) (31) . To test this possibility, central hemodynamics were assessed after the peripheral vascular limitation to reflex cutaneous vasodilation was removed. It is relevant to note that we previously showed that the reduction in directly measured CVP (an index of preload) during passive heating is not different between young and older adults (31) . Contrary to our hypothesis that Q c would increase to match the increase in SkBF, the Q c response to supine passive heating was not different between placebo and sapropterin treatments in older adults. Moreover, during supine passive heating, stroke volume was similar during both treatments. Taken together, these data instead support the hypothesis that older adults demonstrate a relative inability to increase Q c at a given core temperature during supine passive heating and that this deficit is unrelated to a compromised SkBF.
Despite the lack of an augmented increase in Q c during heating, older adults increased SkBF during oral sapropterin treatment to a magnitude similar to that of young adults. In young adults, the large increase in SkBF is supplied by both an increase in Q c and blood flow redistribution from the splanchnic and renal circulations (37) ; this redistribution of blood volume to the peripheral vascular beds aids in thermoregulation (7) . Both of these mechanisms are attenuated during passive heating in older subjects (29) . In the present study, because an augmentation in Q c and a reduction in TPR did not accompany sapropterin-induced increases in SkBF, a greater redistribution of blood from visceral circulations is the most likely explanation for the augmented SkBF response. However, Minson et. al. (32) previously noted that older adults increased vasoconstriction of the splanchnic vascular bed to a lesser extent than young men during supine passive heating. There are two plausible explanations for this contradictory finding. First, the previous study (31) heated subjects to their limit of thermal tolerance, a much more severe thermal stimulus than the heating paradigm employed in the present study. Second, BH 4 bioavailability is also essential for catecholamine biosynthesis as a cofactor for tyrosine hydroxylase (22, 33, 34) . Although speculative, the increase in BH 4 bioavailability resulting from oral sapropterin could augment vasoconstriction in splanchnic and renal vascular beds (28, 45) , thereby serving as a compensatory mechanism contributing to the increased blood flow directed to the cutaneous vasculature during passive whole body heating. This possibility remains to be mechanistically examined.
Despite the substantial increase in cutaneous vasodilation with sapropterin in the older subjects, MAP was not compromised. Consistent with previous studies (31, 32, 43, 44) , MAP was fairly well maintained in older adults during both placebo and sapropterin treatment, and the small changes in arterial pressure during supine passive heating were similar to those previously reported (31, 32, 37) . Furthermore, acute oral sapropterin did not affect TPR. Although oral sapropterin has been demonstrated to lower muscle sympathetic nerve activity (generally considered an index of TPR), this has only been observed in pathological conditions or with chronic (12 wks) treatment (35) . Collectively, aside from functioning to fully restore peripheral cutaneous vasodilatory capacity, oral sapropterin did not directly alter cardiac function or BP.
SkBF and Q c during upright posture in hyperthermia in older adults. The observation that sapropterin acutely restores peripheral vascular function during passive heat stress in aged skin has, to date, only been documented during supine passive heating (44) . Therefore, to further examine age-related alterations in the integrated peripheral and central cardiovascular responses, hemodynamics were further manipulated by superimposing upright posture on passive heat stress to exacerbate the fall in CVP. In young adults, upright tilting or lower body negative pressure during hyperthermia results in a withdrawal of active vasodilator activity (6) and a concomitant reduction in SkBF (32) . However, in older adults, the SkBF response to simulated orthostasis (upright tilt and lower body negative pressure) is impaired, and they must instead rely on alternate mechanisms, including greater increases in splanchnic vascular resistance (32, 40) to prevent a fall in MAP.
During placebo treatment in the current study, SkBF increased upon assuming the upright posture during hyperthermia, instead of decreasing (32, 40) , supporting the concept that aging is associated with a decreased ability of cardiopulmonary baroreceptors to reflexively modulate SkBF, an impairment that has implications for the regulation of central blood volume and BP during orthostatic challenges in the heat (40) . Notably, two older subjects taking placebo became presyncopal when transitioning to the upright posture during sustained hyperthermia. In these two subjects, a severe attenuation in the tachycardic response while assuming the upright posture was noted. In contrast to the altered SkBF responses noted during placebo treatment, the restoration of peripheral vascular function with oral sapropterin resulted in an expected decrease in SkBF in the older subjects, similar to the cutaneous vascular response observed in the young subjects. That is, sapropterin restored the relation between SkBF and Q c during upright posture in the heat such that a given small decrease in Q c was accompanied by a decrease in SkBF, albeit in a reduced range of absolute Q c . The mechanism underlying the sapropterin-induced correction of the reflex response is unknown; however, as mentioned earlier, the increase in BH 4 bioavailability resulting from oral sapropterin could augment vasoconstriction in splanchnic and renal vascular beds (28, 45) .
SkBF and Q c during dynamic exercise in hyperthermia. Engaging the muscle pump during dynamic leg exercise was employed as a means to drive blood centrally, thus experimentally augmenting CVP. The subsequent increase in preload resulted in an increase in SkBF and Q c within the same response range in all three groups. During supine passive heating, the decrease in CVP is not different between young and older adults (31); however, in older adults, there is a progressive fall in stroke volume during more severe passive heating, indicative of an age-related inability to increase the contractile force of the heart. Because of decreased ␤-adrenergic receptor responsiveness (12) , increased sympathetic drive to the heart is not sufficient to increase Q c in the face of falling CVP.
Collectively, it appears that the relative inability to increase Q c during heat stress in the absence of muscle pump activation and facilitated venous return is likely due to an impaired inotropic response, thus rendering older adults more susceptible to orthostatic intolerance in the heat.
A reduced ability of older adults to increase Q c during cycle exercise in the heat has been reported (15, 26) , an effect partially mediated by the an age-related reduction in cardiac ␤-adrenergic receptor responsiveness (12) . Perhaps surprisingly, a blunted Q c response to dynamic exercise in the heat was not observed in the older adults during either treatment in the current study, likely due to the relatively greater increases in stroke volume and the short duration of the exercise bout. It is important to note that the MAP response to exercise was greater in older compared with young adults. Although all subjects exercised at the same absolute intensity, this was presumably a greater relative intensity in the older adults, accounting for the exaggerated pressor response. However, this exercise paradigm was chosen to ensure that metabolic heat production was not different between subject groups while limiting further increases in T es (5) .
Limitations. To attempt to ascertain whether the blunted increases in SkBF during heat stress in healthy older adults results from cardiac limitations in addition to peripheral vascular dysfunction, we acutely restored cutaneous vasodilator capacity and measured Q c during experimental manipulations in CVP. An alternate approach would have been to directly augment cardiovascular function in older adults and measure cutaneous vasodilator responsiveness. Experimentally, this can be accomplished during heat stress after acute volume loading sufficient to increase ventricular filling pressure (4, 23) . In young adults, rapid plasma volume expansion (23) or slow fluid administration of intravascular volume sufficient to offset fluid losses due to sweating (29) during passive heat stress counteracted simulated orthostasis-induced decreases in ventricular filling, thereby augmenting stroke volume and Q c to aid in the maintenance of MAP. To our knowledge, no studies have attempted to "restore'" the impaired Q c response to passive heating in older adults. In addition, we acknowledge that the derivation of several hemodynamic variables is a limitation of the study. Nevertheless, despite the indirect assessment, sapropterin did not affect any index of cardiac function.
Summary and conclusions. The principal finding of this study was that fully restoring the peripheral SkBF response to supine passive whole body heating did not affect Q c in healthy older adults. In addition, the sapropterin-induced increase in cutaneous vasodilation during heating did not alter Q c when CVP was further challenged by superimposing upright posture and/or dynamic exercise upon the heat stress. Taken together, the lack of a further increase in Q c during heating when cutaneous vasodilator capacity is fully restored in older adults instead suggests that their relative inability to increase Q c during passive heat stress is a consequence of primary aging.
